Abstract: Alamouti space-time block code (STBC) combined with a simple heterodyne coherent receiver enables phase diverse coherent detection without any optical polarization tracking. While such a system consisting of only a 3-dB coupler and a single balanced photodiode has been recently demonstrated using orthogonal frequency-division multiplexed (OFDM) signals, herein we report the first application to single-carrier systems. Applicability of such technique for single-carrier systems is not straightforward since specialized digital signal processing (DSP) algorithms are required for data recovery. In this paper, we address the implementing issues and DSP algorithms applicable for single-carrier (SC) Alamouti STBC based simplified heterodyne receivers. Polarization-insensitive operation of the proposed scheme and its performance are verified by means of simulation for a 12-Gbits/s quadrature phase-shift keying (QPSK) transmission system. 
Introduction
Digital coherent receivers have caused a revolution in the design of optical core networks due to the ability of the linear field detection to facilitate digital mitigation of transmission impairments and the use of higher level modulation formats. They are also desirable for next generation access networks requiring gigabits per second data rate per user since they enable high receiver sensitivity and frequency selectivity [1] [2] [3] . Nevertheless, in access networks direct detection remains prevalent due to the stringent cost requirements.
A conventional polarization-diverse homodyne/intradyne coherent receiver which usually comprises of two polarization beam splitters (PBSs), two 90° optical hybrids and four balanced photodiodes as shown in Fig. 1(a) . Several approaches have been demonstrated to simplify the optical front-end (and hence the cost) of such receivers [4] [5] [6] . A simpler coherent receiver is demonstrated using symmetric 3 × 3 couplers in conjunction with three singleended photo-detectors instead of using 90° optical hybrids with two pairs of balanced detectors [4] . A further simplification can be made using heterodyne detection where 90° hybrids can be replaced by the 3-dB couplers and consequently halved the number of balanced photodiodes as shown in Fig. 1(b) [5] . However, use of PBSs makes the monolithic integration of a polarization-diverse coherent receiver challenging [7] . On the other hand, it is desirable to have an optical network unit (ONU) with a low-cost and compact footprint in access networks. By using the single-polarization (SP) heterodyne receiver as illustrated in Fig. 1(c) , use of PBSs can be avoided with the front-end requiring only a 3-dB coupler and a single balanced photodiode [8] . However, one of the most serious problems of such simplified receiver is that the receiver sensitivity is dependent on the state of polarization (SOP) of the incoming signal. In the worst case where the SOP of the incoming signal is orthogonal to that of the local oscillator (LO), the receiver cannot detect the transmitted signal. In practical systems, the polarization of the incoming signal is unlikely to remain aligned to the SOP of the LO because of random changes on the birefringence of the transmission fiber. Therefore, in such receiver, SOP of the incoming signal needs to be tracked optically and should be aligned with the SOP of the LO laser to maintain the system performance which is impractical to do at ONU side. Recently, the polarization-insensitive operation of such receiver has been proposed by using the Alamouti space-time block code (STBC), eliminating the requirement of optical polarization controller at the receiver [9] . Being a half-rate coding, introducing Alamouti STBC costs a 3-dB sensitivity penalty compare to a polarization division multiplexed (PDM) system operating at same bit rate; however, the receiver is significantly simplified which is one of the key concerns in a passive optical network (PON) applications. This technique has been experimentally demonstrated using orthogonal frequency-division multiplexed (OFDM) signal transmission in a long-reach (LR) wavelength-division multiplexed (WDM) PON system [10] .
Applying the Alamouti STBC to a single carrier (SC) transmission system is not trivial since conventional digital signal processing (DSP) algorithms are not applicable for such system. In this paper, we propose the suitable DSP algorithms including detail theoretical analysis for SC Alamouti STBC aided simplified heterodyne receiver. The system performance is investigated by means of intensive computer simulation for a 12-Gbits/s (considering10-Gbits/s/λ PON application including 20% FEC overhead) quadrature phase-shift keying (QPSK) signal transmission over 100-km standard single-mode fiber (SMF). The polarization-insensitive operation of the simplified receiver is confirmed for any SOP of the incoming signal.
Rest of the paper is organized as follows: Sec. 2 provides the system description and related DSP algorithms for the SC Alamouti STBC signal recovery. The simulation results are described in Sec. 3. Finally, conclusions are drawn in Sec. 4. 
Single-carrier Alamouti STBC system with simplified receiver

System description
In a conventional PDM system, two independent data symbols are sent on x-and ypolarization modes. In contrast, in the case of Alamouti STBC, the symbols are grouped into pairs of time slots. In the first symbol period the symbols S 1 and S 2 are sent whereas in the next symbol period -* 2 S and * 1 S are sent on x-and y-polarization modes, respectively; where * denotes the complex conjugate operation [11] . The coding sequence is illustrated in Fig. 2 
Using a zero-forcing criterion, Eq. (2) 
The complementary nature of the elements of transfer matrix in Eq. (3) reveals that albeit a single polarization is detected, the system performance is independent of any polarization rotation.
Digital signal processing
As shown in Eq. (3), the conventional approach of the 2 × 2 MIMO equalizer followed by carrier phase estimation (CPE) [12] is not applicable in the case of SC Alamouti STBC system. This is because the contribution of phase noise from two MIMO inputs are not the same for a particular MIMO output due to conjugation of one symbol from a received symbol-pair. Therefore, we need a joint equalization and CPE approach which can be achieved by the DSP circuit shown in Fig. 3 can be estimated by using the pilot tones as in [10] or from the spectrum of electrically filtered IF signal as shown in [5] . Following the down conversion, the RRC matched filter is applied to the two-fold oversampled sequence and the proposed DSP operation shown in Fig.  3 is performed. The number of filter taps is chosen as 17 and the values of µ p and µ are optimized that provide the best bit-error rate (BER). In the simulation, a total of 2 × 10 5 symbols are processed from which first 60 × 10 3 symbols are used for training which ensure sufficient convergence before switching to DD mode. Operating on two-fold oversampled sequences, the proposed equalizer performs the clock recovery [14] . Also, for 100-km SMF fiber, the small accumulated dispersion is compensated by the adaptive filters. Then the symbols are differentially decoded and BER is measured by direct counting method. Finally, Q 2 -factor is calculated from the measured BER as
To evaluate the tolerance of the proposed method to polarization changes over the entire Poincaré sphere, the parameters θ and φ in Eq. (9) are swept between -π/2 to + π/2. Figure 5 shows the Q 2 -factor for such two-dimensional sweep. We include a 1-dB margin of signal-tonoise ratio (SNR) required for a BER of 1.5 × 10 −2 (20% HD-FEC limit) and the laser phase noise corresponds to the combined linewidths symbol duration product (ΔνT s ) of 1 × 10 −4 . Such a high FEC is considered in this work to validate the robustness of proposed algorithm at low SNR. As shown in Fig. 5 , the system performance is found very robust against any polarization rotation. The probability distribution function (PDF) is shown in Fig. 6 which is calculated from the measured Q 2 -factor of 625 polarization states from the full Poincaré sphere. All the measurements successfully achieved a Q 2 -factor above the FEC threshold. The BER performance of the system is evaluated as a function of set SNR per polarization as shown in Fig. 7 for ΔνT s = 1 × 10 −4 . Note that, in the PON application, being an unrepeated transmission system, the noise mainly stems from shot noise and thus the SNR is directly related to received power [15] . The SNR penalty compared to the theoretical limit (with differential coding) is found to be around 0.5 dB at BER of 1.5 × 10 −2 . In the theoretical limit calculation, the inherent 3-dB sensitivity degradation for heterodyne detection is considered [5] . Finally, we evaluate the phase noise tolerance of the proposed algorithm which is a crucial issue for Alamouti STBC systems. The measured SNR penalty at a BER of 1.5 × 10 −2 as a function of ΔνT s is shown in Fig. 8 . For a penalty of less than 1-dB, the allowed ΔνT s is found to be 3.3 × 10 −4 which corresponds to 3-dB laser linewidth of 2 MHz at a symbol rate of 6 Gbaud. Therefore, a low-cost laser such as distributed feedback (DFB) laser (a typical linewidth of approximately 1 MHz) is feasible for the proposed system. 
Conclusion
We have investigated a low complexity, low-cost heterodyne receiver for its application in PON. The receiver front-end requires only a 3-dB coupler and a single balanced photodiode. To avoid any optical polarization tracking unit at the receiver front-end, SC Alamouti STBC is considered and suitable DSP algorithms for such system are developed.
The proposed system has been verified for 12-Gb/s QPSK transmission over 100-km standard SMF. System performance shows an excellent tolerance to the polarization changes. Moreover, by analyzing laser phase noise tolerance of the system, it is confirmed that a lowcost DFB laser can be used for the proposed scheme.
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